We report a structural color printing platform based on aluminum plasmonic metamaterials supporting near perfect light absorption and narrow-band spectral response tunable across the visible spectrum to realize high-resolution, angle-insensitive color printing with high color purity and saturation. Additionally, the fabricated metamaterials can be protected by a transparent polymer thin layer for ambient use with further improved color performance. The demonstrated structural color printing with aluminum plasmonic metamaterials offers great potential for relevant applications such as security marking and information storage.
Introduction
Structural color filtering and printing technologies employing photonic crystals [1] , plasmonic metamaterials [2] [3] [4] and metasurfaces [5] [6] [7] have recently presented great advantages over conventional colorant-based pigmentation with higher resolution [8] [9] [10] , better sustainability [6] , easier recycling, and lower cost. Both localized surface plasmons [5] [6] [7] and propagating surface plasmons (SPs) [2, 3, 8] excited on metamaterials have been utilized to create plasmonic resonances with tunable spectral responses across the entire visible spectrum for realizing various colors in either transmitted or reflected light. To date, a majority of plasmonic filtered colors are generated by noble metals such as silver [9] [10] [11] [12] and gold [5] due to their lower ohmic losses in the visible spectrum. However, the interband transition of gold prevents rendering visible colors at the wavelength below 500 nm [5, 13] , while silver nanostructures are susceptible to oxidation and sulphidation which will degrade the color performance [12] . Moreover, silver is not compatible with complementary metal oxide semiconductor (CMOS) fabrication processes, which limits its practical applications [14] . Recently, aluminum has been identified as a promising substitute for gold and silver to realize plasmonic color printing [6, 7, 15, 16] , due to the outstanding optical properties of aluminum in the visible and near-UV regions in addition to its low-cost and sustainable merits [17] . Specifically, the interband absorption of aluminum releases the angle dependence of the generated colors since the dispersion curves of the propagating SPs supported by the aluminum-dielectric interface is closer to the light line as compared to the silver counterparts [7] . Furthermore, the low quality factor of aluminum plasmonic resonators introduces a lower spectral sensitivity for distinct colors and thus providing the benefit of a larger tolerance to critical-dimension control in the fabrication [6] .
Although aluminum is a promising material for color printing applications, the color performance of the previously reported aluminum-based devices is still limited by one issue: the loss-induced spectrum broadening and flattening of the SP resonance observed in experiments [6, 7] will not only reduce the spectral purity, but also decrease the color saturation or brightness. As a result, color mixing strategies are necessary to compensate for the reduced color purity due to the low quality factor of the SP resonance supported by the aluminum-based color printing devices [6] . Here we introduce and demonstrate a simple but efficient aluminum structural color printing platform based on a plasmonic metamaterial of near-perfect light absorption that significantly improves the color performance. The aluminum plasmonic metamaterial is designed to have a near-perfect absorption SP resonance with a relative narrow bandwidth tunable across the visible frequency range. Moreover, although aluminum forms a self-limiting impermeable native oxide layer that affords long stability against oxidation and sulphidation, a mechanical protection layer is always desirable for ambient use in practical color printing applications. As demonstrated below, a protective transparent thin film polymer is coated on the fabricated metamaterials without significantly influencing the color performance. Instead, the observed color saturation is significantly improved while the resonance wavelength redshift induced by the polymer layer can be easily compensated by the geometrical adjustment in the fabrication.
Device design and fabrication
The metal-dielectric-metal multilayers consisting of a top 30 nm aluminum (Al) layer, a 45 nm alumina (Al 2 O 3 ) spacer and a bottom 100 nm thick aluminum mirror, are deposited by sputtering on the top of a silicon wafer, at a deposition rate of 1.2 Å/sec for aluminum and 0.1 Å/sec for alumina. The designed circular hole arrays arranged in a triangular lattice with period P and hole radius r are then patterned on the top aluminum layer using a focused ion beam (FEI Helios Nanolab 600 DualBeam system) milling method. Figure 1(a) illustrates a schematic diagram of the fabricated aluminum plasmonic metamaterial of perfect absorption consisting of the three functional layers. Figure 1 (b) shows a cross-section scanning electron micrograph (SEM) image of a selected sample with P = 260 nm and r = 90 nm. The presence of the bottom thick aluminum layer completely eliminates the transmittance (T = 0) of the multilayer structure due to the small penetration depth of light in aluminum at visible frequencies. Similar to the scenario of SP-assisted enhanced optical transmission through subwavelength hole arrays, here on the metamaterial, highly confined propagating SPs are excited by the periodic hole arrays on the top metallic layer, while the intermediate dielectric spacer functions as a bridge to couple the SPs on two opposite metal-dielectric interfaces [18] to form an optical magnetic dipole resonance [19, 20] . The coexistence of both electric dipole and magnetic dipole resonances in the plasmonic metamaterials results in a matched impedance to that of free space, leading to a near perfect light absorption and a negligible reflection [21] . The triangular lattice is chosen instead of the square lattice, due to the fact that the hole arrays of triangular lattice have a larger wavelength interval between the first two SP resonances compared to that of the hole arrays of square lattice with the same lattice period [3, 22] . In this way, the proposed metamaterials are able to reduce the color cross-talk between different plasmonic resonances and therefore enhance the color purity. No polarization is specified in taking the color images since the proposed structures are polarizationindependent under normal incidence. Scale bars: 500 nm.
Optical response characterization and simulation results
Next the optical spectral response of the fabricated plasmonic metamaterials is characterized in the visible range with an optical reflection measurement setup. Each fabricated sample has a structural footprint area of 20 × 20 μm 2 that is sufficient for the reflection measurements. SEM images of three representative samples with different geometrical parameters are shown in Figs. 1(c)-1(e). Bright-field optical microscope images of these metamaterials are also presented in the insets, showing a high degree of color homogeneity and saturation for the three primary colors of yellow, magenta and cyan in the CMY color system. Six plasmonic samples consisting of the same triangular lattice with a constant period (P = 260 nm) but different hole radii (r = 60 to 110 nm) are fabricated and characterized in order to investigate the effects of hole sizes on optical reflection spectra and corresponding colors. As shown in Fig. 2(a) , when the hole radius increases from 60 to 110 nm with a 10 nm step, the resonance wavelength is blue-shifted almost linearly from 645 to 500 nm while the measured reflectivity decreases gradually from 0.42 to 0.20. A plasmonic resonance with the absorption of about 80% is observed around the wavelength of 580 nm for the sample of r = 90 nm, which shows a relative large intensity contrast of about 0.4 and a narrow full-width at half-maximum (FWHM) of approximately 110 nm, giving rise to a quality factor of about 5 [23] . The bright field optical image corresponding to each sample is also shown in the inset along with the measured reflection spectrum. It is noted that the color changes gradually from light cyan to yellow as the hole radius increases from 60 to 110 nm while the large intensity contrast within a small wavelength range leads to pure colors with high saturation. The measured optical reflection spectra are verified with numerical simulations using the finite element method as shown in Fig. 2(b) . Periodic boundary conditions are employed along the x and y axes in the simulations to account for the periodic arrangement of the unit cells. Perfectly matched layers (PMLs) surrounded by scattering boundary condition faces are utilized along the propagation direction (perpendicular to the planar structure) to avoid multiple reflections due to geometry truncation. The measured permittivities of aluminum (imaginary part multiplied by factor of 2 to account for surface irregularities and additional losses induced by fabrication) and alumina employed in the simulations are obtained from the refractive index database [24] and the numerical results show good agreement with the experimental data. Fig. 2 . Experimental (a) and simulated (b) optical reflection spectra of the metamaterials with period P = 260 nm and successively increasing hole radii (from top to bottom: r = 60 nm-110 nm) under normal incidence with linearly polarized light along the y direction as illustrated in Fig. 1(a) . Insets: The measured optical images of fabricated 20 × 20 μm 2 structure.
In order to achieve a relative large tunable color gamut in the visible spectrum, the lattice period and hole radius are varied simultaneously. Figure 3(a) shows the measured (black solid curves) and simulated (red dotted curves) optical reflection spectra when the period and hole radius increase from 180 to 330 nm and from 60 to 115 nm, respectively. Period values smaller than 350 nm are chosen in order to reduce the influence of lattice diffraction and allow for wider viewing angles [5] . A rich color appearance is obtained, including three primary colors as well as the intermediate colors with good color purity and saturation. All the measured optical reflection spectra depicted in Fig. 3(a) have also been converted to the CIE 1931 chromaticity coordinates as shown in Fig. 3(c) , illustrating the color gamut achieved by the fabricated metamaterials. It is shown that the measured chromaticity coordinates are all around the achromatic point, demonstrating the capability of aluminum plasmonic metamaterials for a relative large degree of color range tuning [7] .
Optical responses modified by the presence of a protection layer
In order to use the metamaterial color printing platform in a harsh ambient environment and prevent not only chemical degradations such as oxidization and contamination but also mechanical damage due to scratching and battering, the fabricated aluminum plasmonic metamaterials are protected by a 100 nm thick spin-coated poly(methyl methacrylate) (PMMA) layer on the top of the device. Figure 3(b) shows the measured (black solid curves) and simulated (red dotted curves) optical reflection spectra of the PMMA-coated metamaterials and respective bright-field microscope images. As compared to the optical response of bare structures shown in Fig. 3(a) , the addition of the PMMA layer leads to a small redshift of the resonance wavelength due to an increase of the refractive index in the overlay material. More importantly, the magnitude of the optical reflection at the resonance undergoes a significant reduction for all the fabricated metamaterials. For example, for the sample with P = 260 nm, the measured minimum optical reflection intensity reduces from 0.29 at the resonance of 585 nm for the bare structure to 0.03 at the resonance of 600 nm for the PMMA-coated structure. The observed colors are also changed due to the redshift of the resonance wavelength, while the addition of protective PMMA coating improves dramatically the color saturation due to the near perfect light absorption at the resonance wavelength. A distinctly different CIE 1931 chromaticity diagram is obtained from the measured optical reflection spectra, as shown in Fig. 3(d) , illustrating a larger color gamut and improved color saturation with the PMMA coating. Fig. 3 . The measured optical reflection spectra of the fabricated metamaterials with increasing lattice period and hole radius (P = 180-330 nm, r = 60 nm-115 nm) for both (a) the bare and (b) the PMMA-coated metamaterials under normal incidence with linearly polarized light along the y direction as illustrated in Fig. 1 In order to understand the mechanism of the stronger absorption resonance and thus the better color saturation obtained with the PMMA-coated metamaterials, the optical spectral response and electromagnetic field distributions at resonance wavelength are analyzed numerically for a selected sample with P = 250 nm period and r = 75 nm, as shown in Fig. 4 . According to the plotted time-averaged magnetic field (color map) and electric displacement (white arrows) distributions in Fig. 4 (b) at the resonance wavelength λ 1 of the bare structure, a strong magnetic dipole resonance with enhanced magnetic field concentrated within the dielectric spacer is formed by the anti-symmetric current flow [19, 25] . When a PMMA layer is coated on the metamaterial, a more symmetric dielectric environment is created around the top aluminum layer so that the coupling of SPs on both sides of the metal layer is enhanced [22, 26] . As a consequence, a stronger magnetic dipole resonance is established for the PMMA-coated metamaterial shown in Fig. 4(c) as compared to that on the bare metamaterial shown in Fig. 4(b) . Furthermore, for the PMMA-coated metamaterial, the impedance matching condition between the structure and free space is satisfied and thus near perfect absorption at the resonance wavelength is obtained. Meanwhile, a broadening of the absorption resonance bandwidth is also observed for the PMMA-coated structure (black curve in Fig. 4(a) ), due to the slightly weaker confinement of the electromagnetic field within the dielectric spacer induced by the existence of PMMA coating. Fig. 4 . (a) Calculated reflection spectra of a selected sample (P = 250 nm, r = 75 nm) with (black) and without (red) the PMMA coating under normal incidence with linearly polarized light along the y direction as illustrated in Fig. 1(a) . The time-averaged magnetic field intensity (color map) and electric displacement (white arrows) distributions for (b) the bare metamaterial at the resonance wavelength λ 1 and (c) the PMMA-coated metamaterial at the resonance wavelength λ 2 .
To further illustrate the effects of the PMMA protective coating on the color appearances of plasmonic metamaterials, the bright-field optical microscopy images of a series of bare and PMMA-coated metamaterials are compared in Fig. 5 . The lattice period ranges from 160 to 360 nm and the hole radius increases from 40 to 120 nm in the color palette, where more than 70 distinct colors are obtained. As demonstrated above, the addition of a PMMA protection layer induces slight color variations but high color saturation or brightness on the perceived colors. The gamut of the color palette demonstrates that by the appropriate choice of lattice period and hole radius in the metamaterials, a desired color production can always be achieved with the polymer protection [5] . In order to prove and illustrate the suitability of the aluminum plasmonic metamaterials in structural color printing related applications, a micrometer-scale (50 × 38 μm 
Angular dependence of optical spectral responses
Finally, the incident angle dependence of the optical spectral response is investigated numerically for a PMMA-coated metamaterial with P = 250 nm and r = 75 nm under both TE (electric field parallel to y axis) and TM (magnetic field parallel to y axis) polarizations. As shown in Fig. 6(a) , the excitation of SPs via the lattice coupling limits the angle independence of the reflection spectra for TM polarization. However, the effect of lattice coupling on the reflection spectral response is much less pronounced for the TE polarization as shown in Fig.  6(b) , where the minimum reflection remains lower than 5% even at large incident angles (70°) due to a strong, robust magnetic dipole resonance, although a small resonance splitting is observed at incident angles larger than 20°. The angle-resolved chromaticity coordinates under the TE polarization have also been calculated from the simulated optical reflection spectra [ Fig. 6(c) ], which confirms a stable color appearance under large viewing angles up to 70°. 
Conclusion
In summary, we have demonstrated an aluminum-based, high-performance plasmonic structural color printing platform with high resolution and high color saturation. Aluminum plasmonic metamaterials with single tunable resonance and near perfect light absorption across the visible frequencies have been achieved by simply scaling the lattice period and hole radius in the structure design. A protective polymer coating helps to satisfy the impedance matching to free space and thus yields pure colors with high saturation. In addition, the color performance exhibits low dependency on incidence angles under TE polarization. The demonstrated aluminum plasmonic metamaterials for structural color printing will be well suited for a wide range of relevant applications, such as anti-counterfeit tag and security marking where erosion-and friction-resistant, robust color performance is particularly important.
